BRAF V600 mutations occur in various nonmelanoma cancers. We undertook a histology-independent phase 2 "basket" study of vemurafenib in BRAF V600 mutation-positive nonmelanoma cancers.
B
RAF V600 mutations occur in approximately 50% of cutaneous melanomas and result in constitutive activation of downstream signaling through the mitogen-activated protein kinase (MAPK) pathway.
1,2 Vemurafenib (Zelboraf, F. Hoffmann-La Roche/Genentech) is a selective oral inhibitor of the BRAF V600 kinase and is associated with a response rate of approximately 50% and improved survival among patients with BRAF V600E mutation-positive metastatic melanoma. 3 Efforts by the Cancer Genome Atlas 4 and other initiatives to characterize the genetic landscape of most tumor types have identified BRAF V600 mutations in nonmelanoma cancers, including colorectal cancer, 5, 6 non-small-cell lung cancer, 7 papillary thyroid cancer, 8 diffuse gliomas, 9 cholangiocarcinoma, 10 hairy-cell leukemia, 11 multiple myeloma, 12 Langerhans'-cell histiocytosis, 13 and Erdheim-Chester disease. 14, 15 In some of these cancers, the BRAF V600 mutation is associated with an aggressive disease phenotype and shortened disease-free and overall survival. 16, 17 In more than half of nonmelanoma cancer types in which BRAF V600 mutations have been identified, the incidence of mutations is less than 5%.
The efficacy of vemurafenib in these nonmelanoma cancers has not been systematically explored, despite its considerable therapeutic potential. The large number of tumor types involved, the low frequency of BRAF V600 mutations, and the rarity of some of the cancers make disease-specific studies difficult to conduct. To address this important unmet clinical need, we designed a histology-independent, flexible, early phase 2 "basket" study of vemurafenib in patients with nonmelanoma cancers harboring BRAF V600 mutations. This study design allows for the enrollment of patients with various types of cancer. Our study included six cohorts of patients with prespecified cancers (non-small-cell lung cancer, ovarian cancer, colorectal cancer, cholangiocarcinoma, breast cancer, and multiple myeloma), as well as a seventh (all-others) cohort, which permitted enrollment of patients with any other BRAF V600 mutation-positive cancer. The protocol allowed for additional tumorspecific cohorts to be analyzed if a sufficient number of patients were enrolled in the all-others cohort. Patients with papillary thyroid cancer and those with hairy-cell leukemia were excluded because the overall incidence of BRAF V600 mutations in these cancers is high enough to warrant disease-specific studies. The goal of this study was to identify promising signals of activity in individual tumor types that could then be definitively explored. Here, we report the preliminary clinical efficacy of vemurafenib in multiple nonmelanoma cancers with BRAF V600 mutations.
Me thods

Patients
From April 11, 2012, through June 10, 2014, we enrolled 122 patients with BRAF V600-mutated cancers from 23 centers worldwide. All patients enrolled at the time of the June 10, 2014, cutoff date were included in the analysis. BRAF V600 mutations were identified by means of mutational analysis assays routinely performed at each participating site. Additional key eligibility criteria were measurable disease, according to Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1, 18 and an Eastern Cooperative Oncology Group (ECOG) performance-status score of 0 to 2 (on a 5-point scale, with larger numbers indicating greater disability). Patients previously treated with a BRAF or MEK inhibitor were ineligible, as were patients with melanoma, papillary thyroid cancer, leukemia, or lymphoma. Additional eligibility criteria are provided in the protocol, available with the full text of this article at NEJM.org. Written informed consent was obtained from all study participants.
Study Design and Treatment
The primary objective of the study was to evaluate the efficacy of vemurafenib in patients with BRAF V600 mutation-positive cancers. Efficacy was evaluated on the basis of the response rate at week 8, as assessed by the site investigators according to RECIST, version 1.1, 18 or the criteria of the International Myeloma Working Group (IMWG). 19 Secondary objectives included assessments of the best overall response, clinical benefit rate (defined as the overall proportion of patients with a complete or partial response or stable disease), duration of response, progressionfree survival, overall survival, and safety. Because this was a signal-generating study in a heterogeneous population of patients with advanced cancer, a control group was not used.
The study schema is shown in Figure 1 . On the basis of the number of participants enrolled, two tumor-specific cohorts were added to the original six: patients with Erdheim-Chester disease or Langerhans'-cell histiocytosis and those with anaplastic thyroid cancer. The breast cancer cohort was closed owing to insufficient accrual, and the single patient with breast cancer was included in the all-others cohort. Similarly, enrollment in the multiple myeloma and ovarian cancer cohorts was not sufficient for the stage 1 analysis in our two-stage analytic plan (see the Statistical Analysis section below), and the patients in these cohorts were therefore included in the all-others cohort. Vemurafenib alone had insufficient activity in patients with BRAF V600-mutated colorectal cancer, confirming the findings from a phase 1 study. 20 Emerging laboratory data suggest that resistance in colorectal cancer might be mediated through feedback activation of epidermal growth factor receptor (EGFR) signaling. 21, 22 To evaluate this hypothesis, we amended the study protocol to include an assessment of the safety and efficacy of vemurafenib combined with cetuximab, an anti-EGFR antibody. A standard 3+3 dose-escalation design (three to six patients per cohort and up to three dose levels tested) was used to establish the recommended (maximum tolerated) combination dose. An additional cohort of patients with colorectal cancer received vemurafenib and cetuximab at the recommended combination dose (960 mg of vemurafenib administered orally twice daily and an intravenous loading dose of 400 mg of cetuximab per The all-others cohort included cervical cancer, brain tumors, head and neck cancer, esophageal and gastric cancers, pancreatic cancer, sarcoma, and carcinoma of unknown primary type. The breast cancer cohort was closed because of insufficient accrual; the single patient with breast cancer was included in the all-others cohort for the purposes of this report. The ovarian cancer and multiple myeloma cohorts did not have sufficient numbers of patients for a stage 1 analysis and therefore did not undergo formal analysis. Preliminary efficacy results for these cohorts are included with the results for the all-others cohort for the purposes of this report. ECD/LCH denotes Erdheim-Chester disease or Langerhans'-cell histiocytosis, and NSCLC non-small-cell lung cancer. square meter of body-surface area, followed by a weekly intravenous dose of 250 mg per square meter), and the safety and efficacy were assessed. All other patients received vemurafenib alone at an oral dose of 960 mg twice daily.
Assessments
Tumor assessments were performed by means of computed tomographic or magnetic resonance imaging of the chest, abdomen, and pelvis at baseline and then every 8 weeks until disease progression, death, or withdrawal from the study (see Fig. S1 in the Supplementary Appendix, available at NEJM.org). Patients with multiple myeloma were evaluated according to the IMWG criteria (Table S1 in the Supplementary Appendix). 19 Information on survival and new anticancer therapy was documented every 3 months in the follow-up period. Adverse events were graded by the site investigators, according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), version 4.0, 23 until day 28 after discontinuation of the study treatment.
Study Oversight
The study was designed by the steering committee in collaboration with the team from F. Hoffmann-La Roche (the sponsor) and was conducted in accordance with the provisions of the Declaration of Helsinki and Good Clinical Practice guidelines. The institutional review board or human research ethics committee at each participating center approved the protocol. Data were collected at each site and monitored by the sponsor. The first and last authors wrote the first draft of the manuscript with support from representatives of the sponsor. Editorial assistance that did not involve writing was provided by Apothecom and was funded by the sponsor. All the authors vouch for the accuracy and completeness of the reported data and for the fidelity of the study to the protocol and approved the decision to submit the manuscript for publication.
Statistical Analysis
An adaptive Simon two-stage design 24 was used for all tumor-specific cohorts in order to minimize the number of patients treated if vemurafenib was deemed ineffective for a specific tumor type. The primary efficacy end point was the response rate at week 8. All response rates are reported here with 95% confidence intervals. Waterfall plots were used to illustrate maximum tumor shrinkage during the study, as compared with baseline. Kaplan-Meier methods were used to estimate progression-free and overall survival. No adjustments were made for multiple hypothesis testing that could result in false positive findings.
In this study, a response rate of 15% at week 8 was considered to be low, a response rate of 45% was considered to be high, and a response rate of 35% was considered to be low but still desirable and indicative of efficacy. Assuming response rates as specified in the hypothesis testing, a power of 80% for a high response rate and 70% for the low but still desirable response rate, and a two-sided alpha level of 0.1, we calculated that the number of patients required in each cohort would be 7, 13, or 19, depending on the results obtained. The study would be analyzed for efficacy at stage 1, at stage 2, and 9 months after the last patient was enrolled. Because the study remains open, available stage 1 and 2 results are presented, in addition to preliminary safety and efficacy results for all patients enrolled at the time of the cutoff date. Final response rates and time-to-event analyses might change with additional follow-up.
R esult s
Patients
The characteristics of the 122 enrolled patients who received at least one dose of vemurafenib are shown in Table 1 . Additional disease-specific characteristics are shown in Table S2 in the Supplementary Appendix. The most common disease types were colorectal cancer (37 patients), non-small-cell lung cancer (20) , Erdheim-Chester disease or Langerhans'-cell histiocytosis (18) , primary brain tumors (13), cholangiocarcinoma (8) , anaplastic thyroid cancer (7), and multiple myeloma (5). Eighty-nine percent of patients had received at least one previous line of therapy. Ninety-five patients received vemurafenib monotherapy, and 27 patients with colorectal carcinoma received vemurafenib and cetuximab combination therapy.
Efficacy
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18 (90) 8 (80) 24 (89) 5 (100) 7 (88) 17 (94) 7 (100) 25 ( Among the 19 patients with non-small-cell lung cancer who underwent at least one assessment after baseline or withdrew early, the objective response rate was 42% (95% confidence interval [CI], 20 to 67). Tumor regression was observed in the majority of the patients (14 of 19). The median progression-free survival was 7.3 months (95% CI, 3.5 to 10.8). The 12-month rate of progression-free survival was 23% (95% CI, 6 to 46). The median overall survival has not yet been reached; the preliminary 12-month overall survival rate was 66% (95% CI, 36 to 85). Data from 15 of the 20 patients in the cohort were censored for overall survival estimates. At the time of the cutoff date, 5 patients were still receiving therapy.
In the cohort of patients with Erdheim-Chester disease or Langerhans'-cell histiocytosis, 14 patients could be evaluated for a response at the time of analysis. In total, 6 of the 14 patients had a response (1 complete and 5 partial responses), for a response rate of 43% (95% CI, 18 to 71). Disease regression was observed in the majority of patients (12 of 14) , and improvement in disease-related symptoms was observed across all degrees of tumor regression. With a median treatment duration of 5.9 months (range, 0.6 to 18.6), no patients had progressive disease while receiving treatment. Four patients discontinued treatment because of adverse events. One of these patients had disease progression during the follow-up period. Median progression-free and overall survival had not been reached at the time of the analysis. The preliminary 12-month progression-free survival rate was 91% (95% CI, 51 to 99), and the 12-month overall survival rate was 100%. Since data were censored for high proportions of the patients (for 17 of the 18 patients in the analysis of progression-free survival and for * The denominator for patients with a complete or partial response, stable disease, or progressive disease is the number of patients with a postbaseline assessment or early withdrawal. Of the 19 patients in the NSCLC cohort, 1 patient withdrew before the assessment of response but was included in the denominator for the efficacy assessment (as having had no response). † All patients with missing data withdrew early. 4.5 months (95% CI, 1.0 to 5.5) and 9.3 months (95% CI, 5.6 to not reached), respectively. In the cohort of patients with colorectal cancer who received vemurafenib and cetuximab, one response was observed; however, approximately half the patients had tumor regression that did not meet the standard criteria for a partial response. Median progression-free survival and overall survival for patients receiving combination therapy were 3.7 months (95% CI, 1.8 to 5.1) and 7.1 months (95% CI, 4.4 to not reached), respectively. Patients in both colorectal cancer cohorts were heavily pretreated, with a median of two lines of previous therapy (range, one to six). Three of four patients with anaplastic pleomorphic xanthoastrocytoma had partial responses. Responses were also observed in patients with the following tumor types: anaplastic thyroid cancer (two patients), cholangiocarcinoma (one patient), salivary-duct cancer (one patient), softtissue sarcoma (one patient), and ovarian cancer (one patient). In three of these patients (one each with anaplastic thyroid cancer, cholangiocarcinoma, and ovarian cancer), the responses have persisted for more than 12 months. Additional tumor regression that did not meet criteria for a response was observed in three patients with glioblastoma and one patient each with anaplastic ependymoma, pancreatic cancer, and carcinoma of unknown primary type. No patients with multiple myeloma have had a response to date.
Safety
Common adverse events reported for 20% or more of the patients and adverse events of special interest overall and for specific cohorts are shown in Tables S4 and S5 , respectively, in the Supplementary Appendix. Overall, safety data for vemurafenib monotherapy were similar to data from previous studies of vemurafenib in cutaneous melanoma, although samples sizes within individual cohorts were too small to allow a definitive comparison. 25 The most common adverse events among all patients receiving vemurafenib monotherapy were rash (68% of patients), fatigue (56%), and arthralgia (40%).
Discussion
Results from this histology-independent, biomarker-selected, early phase 2 basket study show modest antitumor activity in cancers that sporadically express the BRAF V600 mutation. A growing number of agents have been approved for use in biomarker-positive cancers, including human epidermal growth factor receptor 2-positive breast cancer 26 and gastric cancer, 27 EGFRmutated lung cancer, 28 ALK-translocated lung cancer, 29 and KIT (CD117)-positive gastrointestinal stromal tumor. 30 Systematic profiling efforts have shown that many approved and investigational biomarkers are present in various tumor types, although often at low frequencies. 4 Basket studies may permit the detection of early signals of activity across multiple tumor types simultaneously while also allowing for the possibility that tumor lineage might influence drug sensitivity. The flexible biostatistical design of this study, including the addition of a cohort of patients with any tumor types that were not prespecified, facilitated identification of modest activity in certain orphan cancers.
Our goal was to identify promising signals of activity in individual tumor types that could be pursued in subsequent studies with statistically robust efficacy end points or through protocol amendment and expanded enrollment in the current study. We found that vemurafenib had preliminary efficacy in BRAF V600 mutationpositive non-small-cell lung cancer, ErdheimChester disease, and Langerhans'-cell histiocytosis. In the cohort of patients with non-small-cell lung cancer, 90% of whom had received prior platinum-based chemotherapy, the response rate was 42% (95% CI, 20 to 67). This rate compares favorably with the 7% response rate reported for standard second-line docetaxel in molecularly unselected patients. 31, 32 In patients with ErdheimChester disease or Langerhans'-cell histiocytosis, which are closely related orphan diseases with no approved therapies for adults, the response rate was 43% (95% CI, 18 to 71), and none of the patients had disease progression while receiving therapy, despite a median treatment duration of 5.9 months. These data, which reinforce and extend findings from a recent case series study of off-label vemurafenib treatment in Erdheim-Chester disease, 33 suggest that the effect of BRAF inhibition on the natural history of Erdheim-Chester disease and Langerhans'-cell histiocytosis may be clinically significant.
The basket study design is noteworthy because it allows for the possibility that different tumor types with the same molecular biomarker might differ in their sensitivity to therapy targeted at that biomarker. The absence of responses in the cohort of patients with colorectal cancer who received vemurafenib monotherapy underscores this possibility. Although the precision of the response-rate estimates reported here is limited by small sample sizes, the rates in several cohorts, including the anaplastic thyroid cancer and cholangiocarcinoma cohorts, appear to be lower than the rate reported for cutaneous melanoma. These data show that BRAF V600-mutated tumor types do not respond uniformly to BRAF-targeted therapy. An important implication is that conventional tumor nosology based on organ site (with molecular subtypes) cannot be entirely replaced by molecular nosology (e.g., BRAF-mutated cancers). The adaptive nature of basket studies allows investigators to perform rapid assessments of novel therapeutic approaches based on important laboratory discoveries. In the case of colorectal cancers, we amended the study to evaluate the safety and efficacy of combined treatment with vemurafenib and cetuximab because of initial disappointment with the results of vemurafenib monotherapy. Although the clinical activity of this combination was modest, outcomes might have been influenced by the high proportion of patients who had previously received treatment with anti-EGFR antibody (44%, 12 of 27 patients). Given the highly aggressive and chemotherapy-resistant nature of BRAF V600-mutated colorectal cancers, strategies using dual EGFR and BRAF inhibition deserve further evaluation.
One challenge in interpreting the results of basket studies is drawing inferences from small numbers of patients. Although partial responses and tumor regression were observed in patients with anaplastic thyroid cancer, cholangiocarcinoma, anaplastic pleomorphic xanthoastrocytoma, high-grade gliomas, salivary-duct cancer, lowgrade serous ovarian cancer, clear-cell sarcoma, carcinoma of unknown primary type, and pancreatic cancer, the largest of these subgroups consisted of only eight patients. In several cases, only a single patient with the tumor type was treated. Although these responses are noteworthy because of the limited therapeutic options available for many of these cancers, they must be interpreted with caution. In the absence of more definitive data, which might not be forthcoming for many diseases owing to logistical impediments, these data present a challenge to clinicians who want to make treatment decisions on the basis of tumor genomic profiling.
In conclusion, we found that the BRAF V600 mutation is a targetable oncogene in some, but not all, cancer types. Histology-independent, biomarker-selected basket studies are feasible and can serve as a tool for developing molecularly targeted cancer therapy. Confirmation of promising activity identified in basket studies will often necessitate additional studies. The time to events is shown for patients who had measurable disease at baseline according to RECIST. Results are shown for 20 patients in the NSCLC cohort (Panel A), 27 patients in the colorectal cancer cohort who received vemurafenib plus cetuximab (Panel B), and patients in the all-others cohort plus 1 patient with low-grade serous ovarian cancer and 5 patients with multiple myeloma (Panel C). The bar length represents the duration of progression-free survival. Arrows indicate patients who were still receiving the study drug, and asterisks patients in the dose-escalation stage (dose levels 1 and 2). AE denotes anaplastic ependymoma, CR complete response, EGC esophageal and gastric cancer, HNC head and neck cancer, OC lowgrade serous ovarian cancer, PR partial response, PXA pleomorphic xanthoastrocytoma, SD stable disease, SGC salivary-gland carcinoma, TCC thoracic clear-cell, V600G BRAF V600G mutation, and V600Unk unknown BRAF V600 mutation.
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